Background-There are limited data regarding the relative merits of biomarkers as predictors of mortality or time to initiation of antiretroviral therapy (ART).
women receive a short course of antiretroviral therapy (ART) to prevent HIV-1 infection in infants, and those who meet World Health Organization (WHO) eligibility guidelines for ART initiate ART. Because the CD4 cell count decreases during pregnancy as a result of hemodilution, it is not clear whether it is appropriate to extrapolate to pregnant women the current CD4 cell count-associated guidelines for initiating ART in resource-poor settings [2, 3] . Several studies have suggested that the CD4 cell percentage (CD4%) may be a better marker for initiation of ART during pregnancy to benefit health of the mother [3] [4] [5] [6] .
Less expensive biological markers may have prognostic potential in sub-Saharan Africa. For example, hemoglobin has been shown to be associated with mortality among nonpregnant adults [7] and pregnant women [8] , and body mass index (BMI) has been shown to be associated with mortality among men but not among women [7] . However, associations of markers with mortality do not mean that these markers necessarily have a high predictive value for mortality. Previous studies have neither assessed predictive value nor compared the relative predictive value of these markers with that of the CD4 cell count or HIV-1 load. The total lymphocyte count (TLC) has been considered as a surrogate for the CD4 cell count [9] , but it has low sensitivity for predicting a CD4 cell count of <200 cells/µL. A few studies have also examined the combination of less expensive biomarkers, such as BMI, hemoglobin, and TLC, as surrogates for a CD4 cell count of <200 cells/µL in cohorts in the United States and Africa [10, 11] . A limitation of these studies is that another surrogate marker (a CD4 cell count of <200 cells/µL) was used as the outcome, rather than such clinical outcomes as AIDS or death. To date, studies have not compared these biomarkers (CD4, HIV-1 load, BMI, hemoglobin, and TLC) in terms of their relative predictive value for death or ART-free survival (which includes both mortality and initiation of ART) either in general or in a specific group, such as HIV-1-infected pregnant women.
In the present study, we determined and compared conventional markers of HIV-1 disease progression, such as the HIV-1 load, CD4 cell count, and CD4%, as well as such alternative potential markers as BMI, hemoglobin, and TLC (measured at 32 weeks' gestation), for predicting death occurring within 1 and 2 years after delivery.
METHODS

Study setting and population
Data were collected as part of a prospective cohort study conducted in Nairobi, Kenya, from July 1999 through May 2005 [12, 13] . In brief, pregnant HIV-1-seropositive women were referred from Nairobi City Council clinics to the study clinic at Kenyatta National Hospital (Kenyatta, Nairobi). The first 216 women, who were enrolled between 1999 and 2002, had a follow-up of 12 months; the subsequent 319 women, who were enrolled between 2002 and 2005, had a longer predefined follow-up of 24 months. In addition to mortality, the same immunologic and viral markers and morbidities were evaluated in both groups. Data from both cohorts were used. All subjects provided written, informed consent. Human experimentation guidelines of the US Department of Health and Human Services were followed, and the institutional review board of the University of Washington and the ethics review committee of the Kenya Medical Research Institute and Kenyatta National Hospital approved the study.
Clinical procedures
Baseline medical information was collected using a standardized questionnaire at the time of enrollment. At 32 weeks' gestation, women were examined, and blood samples were collected for T cell subset analysis and determination of hemoglobin and HIV-1 RNA levels. Women received standard antenatal care, including short-course zidovudine [14] for the prevention of perinatal HIV-1 transmission, and they self-selected the infant feeding modality after receiving counseling. Women received iron and multivitamin supplementation in the first 6 postnatal months. Women with immunosuppression (CD4 cell count, <200 cells/µL) received cotrimoxazole prophylaxis and were referred to HIV treatment programs. After 2003, when ART became highly subsidized or free, women who had been referred accessed ART more readily. Dates of ART initiation were self-reported by participants. All women were followed monthly for 12 months after delivery. Women enrolled after 2001 were also followed trimonthly for an additional 12 months. On the basis of clinical information and interviews with relatives or neighbors, deaths were classified as non-HIV related, HIV related, or of unknown cause.
Laboratory procedures
TLC and CD4% measurements were conducted at the University of Nairobi, by use of a FACScan flow cytometer (Becton Dickinson) [15] , with semiannual proficiency testing also performed. Plasma HIV-1 RNA levels were quantified in Seattle by use of a transcriptionmediated amplification assay (Gen-Probe), which has been shown to quantify prevalent HIV-1 subtypes in Kenya [16] .
Identification of predictor cutoffs
Various cutoffs were assessed and compared for their sensitivity, specificity, and predictive value for death during follow-up. CD4 cell count cutoffs of <200, <250, and <350 cells/µL, which were based on current WHO and US Department of Health and Human Services guidelines [17, 18] for initiation of HAART, were examined. The WHO cutoff for the TLC is 1200 cells/µL for adults (WHO stage 2+). The Centers for Disease Control and Prevention (CDC) [19] recommends a CD4% cutoff of 14%. HIV-1 load cutoffs were selected based on the US Department of Health and Human Services 2002 [20] and 2004 [21] recommendations to initiate ART at 55,000 and 100,000 copies/mL, respectively. We established a hemoglobin cutoff of 11 g/dL (i.e., the CDC definition of anemia at 32 weeks' gestation) [22] . In addition, we examined the cutoff of 8.5 g/dL established by O'Brien et al. [8] . BMI cutoffs are based on nonpregnant populations and could not be applied to the present cohort. Therefore, we used a cohort-specific cutoff corresponding to the 25th percentile of the BMI distribution measured at 32 weeks' gestation.
Statistical methods
Descriptive statistics, including counts and frequencies for categorical variables and median values and interquartile ranges for continuous variables, were computed for baseline measurements. Correlations between continuous variables were assessed using Spearman's rank correlation coefficient. Associations between categorical variables were assessed using Fisher's exact test.
Time to death was censored at the time of a second pregnancy, ART initiation, or last contact with clinic staff. Because ART initiation may be informative of a high risk for death, we reran time-to-event analyses, using ART-free survival (composite ART initiation/death) as the end point. Kaplan-Meier curves were calculated to estimate the cumulative risk. Cox proportional hazards models estimated associations between markers at baseline and the time to death and ART-free survival, allowing for different associations within the first and second years after delivery.
The sensitivities and specificities of the markers, as well as their associated receiver operating characteristic (ROC) curves [23] (including area under the ROC curves [AUCs]), were calculated to assess the usefulness of the markers as predictors of death within 1 and 2 years after delivery. The positive predictive values (PPVs) were calculated by stratifying the data on the basis of a cutoff level and obtaining the corresponding Kaplan-Meier estimate and 95% confidence interval (CI) at 1 and 2 years postpartum. Several biomarker cutoffs were examined to determine how traditional and novel cutoffs compared in terms of sensitivity and specificity. CIs for sensitivities and specificities were based on quantiles of 10,000 samples from the bootstrap procedure. To determine whether linear combinations of markers might provide better prediction than biomarkers used independently, we used as the marker of interest for calculating ROC curves the linear predictors from Cox proportional hazards models with multiple biomarkers as covariates.
RESULTS
Of 535 women enrolled in the study, 501 women (93.6%) were followed to delivery, 489 (97.6%) of whom had follow-up information beyond delivery available and were included in this analysis (180 women in cohort 1 and 309 women in cohort 2). Table 1 provides distributional summaries of selected sociodemographic and clinical indicators and the HIV disease progression markers of interest measured at 32 weeks' gestation. There were 10,150 person-months of follow-up (2424 and 7726 months of follow-up in cohorts 1 and 2, respectively). Ninety-four (19.6%) of the 480 women who were not known to die during the first year were censored because of loss to follow-up. Fifty (17.1%) of the 293 women who were in the cohort with 2 years of follow-up and were not known to die in the first 2 years were censored. Additional details about these cohorts, including specific causes of loss to followup, are reported elsewhere [13] . Table 1 lists the number and percentage of women who met specific cutoffs for treatment. CD4 cell count and CD4% were related as follows: of the 51 (10.6%), 87 (18.1%), and 169 (35.1%) women who had CD4 cell counts of <200, <250 and <350 cells/µl, respectively, 43 (84.3%), 55 (63.2%), and 62 (36.7%) also had a CD4% measurement of <14%. A total of 410 women had CD4 cell counts and CD4% values available at both 32 weeks' gestation and 1 month postpartum. The correlation between the measurements at the 2 time points was 0.67 and 0.84 for the CD4 cell count and the CD4%, respectively. There was a significant increase in the CD4 cell count between 32 weeks' gestation and 1 month postpartum (87 cells/µL; 95% CI, 65-109 cells/µL) (P < .001), whereas the CD4% did not change appreciably during this period (0.15%; 95% CI, −0.34% to 0.64%) (P = .54). The CD4 cell count and the TLC were correlated (r = 0.63; P < .001), and women with a CD4 cell count of <200 cells/µL were more likely to have a TLC of <1200 cells/µL than were women with a CD4 cell count of ≥200 cells/µL (25% and 4.7%; P < .001).
A total of 20 deaths occurred during the 2-year postpartum period, one of which was known to be non-HIV related and, therefore, was censored at the time of death. The remaining deaths were either known or suspected to be HIV related. Figure 1 displays Kaplan-Meier curves for death and ART-free survival. The estimated cumulative mortality rate and combined cumulative mortality and ART initiation rates at 1 year after delivery were 2.1% (95% CI, 0.7%-3.4%) and 2.8% (95% CI, 1.2%-4.3%), respectively. At 2 years postpartum, these rates were 5.5% (95% CI, 3.0%-8.0%) and 10.6% (95% CI, 7.1%-14.0%). Figure 2 and Figure 3 show Kaplan-Meier mortality curves stratified according to the biomarker cutoffs.
Corresponding cumulative rates are shown in table 2. Only one death occurred before 4 months. After 4 months, the event rates for groups stratified according to the CD4 cell count and the CD4% diverged. HIV-1 load, hemoglobin, and BMI curves did not diverge until after 6 months. The curves marking a hemoglobin of <8.5 and >11 g/dL were indistinguishable in the first year. Results for all of the aforementioned biomarkers were similar for ART-free survival.
All the markers, except hemoglobin, were significantly associated with death and/or ART-free survival within the first year (table 3) . Women with CD4 cell counts <200 cells/µL had a risk of death that was 19.5 (95% CI, 4.9-78.2) times that of women with CD4 cell counts >200 cells/µL. When adjustment was made for ART initiation, the estimated risk increased to 29.3 (95% CI, 7.9-108. 6 ). An HIV-1 load > 100,000 copies/mL was associated with a 6.7-fold (95% CI, 1.4-fold to 32.2-fold) increase in the risk of death. This estimate decreased to 3.8 (95% CI, 1.2-12.7) for ART-free survival. TLC was significantly associated with ART-free survival but not with time to death. Women whose TLC was <1200 cells/µL had a 2.8-fold (95% CI, 1.3fold to 6.2-fold) increased risk of death or starting ARTs. The hazard ratios (HRs) noted in the second year were similar to those noted in the first year.
The CD4 cell count and the CD4% had similar ROC curves ( figure 4) , with high AUC values for predicting death within 1 year (0.94 and 0.92, respectively) and 2 years (0.91 and 0.93, respectively) after delivery. The AUC values for the TLC were close to 0.5, indicating that TLC predicts death approximately as well as tossing a coin. BMI and hemoglobin performed similarly, with AUC values between 0.61 and 0.69. Table 2 presents the sensitivities, specificities, and PPVs of the biomarkers at the specific cutoffs. Although hemoglobin is listed, each of the cutoffs perfectly divided the observed events (they all occurred in women with a hemoglobin of 8.5-11 g/dL); therefore, the CIs for sensitivity could not be calculated. A CD4 cell count of <200 cells/µL had the highest cumulative mortality rate at 1 year, with an estimated 14.6% of women expected to die within 1 year. On the basis of the sensitivity of a CD4 cell count of <200 cells/µL, we would expect to identify 69.2% of the women who would die within the first year. In addition, specificity was high (90.7%), and, therefore, treatment would only have been initiated in 9.3% of the women who would not die in the next year. All the events in the first year occurred in women with a CD4 cell count of <350 cells/µL, resulting in a sensitivity of 100% without an available estimate of standard error and a specificity of 66.3% (95% CI, 62.0%-70.3%). A CD4% of <14% had the next highest PPV after a CD4 cell count of <200 cells/µL, which was equal to 13.0% (95% CI, 3.5%-21.6%). Use of this cutoff would have the potential to prevent 79.3% (95% CI, 50.4%-100.0%) of deaths in the first year, while treating only 12.0% (95% CI, 9.3%-15.0%) of women who would not die in the first year.
A Cox proportional hazards model that included CD4 cell count and HIV-1 load as predictors estimated HRs of 3.78 (95% CI, 1.82-7.86; P < .001) for a 100-unit decrease in the CD4 cell count and 1.07 (95% CI, 0.33-3.54) for a 10-fold increase in the HIV-1 load. A similar model with CD4 cell count and hemoglobin estimated HRs of 3.78 (95% CI, 1.72-6.84; P < .001) and 1.02 (95% CI, 0.64-1.62) for a 100-unit decrease in the CD4 cell count and a 1-unit increase in hemoglobin, respectively. The ROC curve based on the linear predictor from these models (with additional information from either the virus load or hemoglobin) resulted in ROC curves almost identical to those noted for the CD4 cell count and CD4% alone (not shown).
Setting a rule that initiates ART at a CD4 cell count of <200 cells/µL or an HIV-1 load >55,000 copies/mL improved the sensitivity to 80.1, compared with a CD4 cell count of >200 cells/µL alone, but it decreased the specificity to 50.6. Increasing the viral load threshold to 100,000 copies/mL increased both the sensitivity and specificity to 83.0 and 63.0, respectively. Adding the virus load to a rule with a CD4 cell count of <200 cells/µL may have some benefit; however, adding the virus load to a CD4 cell count of < 350 cells/µL resulted in no improvement in sensitivity or specificity.
DISCUSSION
HIV care programs in resource-limited settings often have limited diagnostic options for clinical decision-making. Although CD4 cell counts and viral loads are highly predictive of HIV-1 disease progression, these markers are not available in all settings. Thus, guidelines have arisen to propose initiation of therapy based on alternative clinical surrogate markers, including WHO staging, BMI, and TLC. To date, there are limited comparative data to define how well these markers predict mortality and which are optimal markers. Current programs use available diagnostic markers and comply with WHO guidelines to initiate therapy. Thus, they are not able to ascertain whether the markers were ideal to guide therapy. There are scant data regarding the relative predictive value of these biomarkers for death among HIV-1infected individuals in general or in postpartum women specifically. This study provides important evidence regarding comparative merits of these markers in general, and, in particular, it applies to women who had HIV-1 diagnosed during pregnancy, who comprise a significant proportion of HIV-1-infected women overall.
In the present study, the 2.1% estimated risk of mortality at 1 year underscored the typically early disease status of HIV-1-infected women during pregnancy. We found that the CD4 cell count and the CD4% were most predictive of death and that the HIV-1 load did not provide predictive value beyond that provided by the CD4 cell count and was a less predictive marker than were the CD4 cell count and CD4% measurements. In addition, BMI, TLC, and hemoglobin were inferior predictors of mortality. Empirical decisions to have women initiate highly active ART (HAART) solely on the basis of these criteria would lead both to substantial numbers of women who should have received treatment not receiving it and to many women receiving treatment prematurely.
The CD4 cell count and CD4% measured at 32 weeks' gestation were highly sensitive and specific predictors of maternal mortality within 1 year after delivery. Both biomarkers had a greater predictive value than did other markers, including HIV-1 load, hemoglobin, and TLC. We confirmed previous findings [2, 4] that the CD4% values measured at 32 weeks' gestation and 1 month postpartum were more stable than were the CD4 cell counts measured at the same time points; however, this stability did not translate into a predictive benefit. Thus, the prenatal CD4% was not more useful that the CD4 cell count in predicting outcomes at 1 year, suggesting that either measurement may be useful in pregnant women.
The CDC defines AIDS on the basis of a CD4 cell count of <200 cells/µL, a CD4% of <14%, or the presence of an opportunistic infection. We found that using a CD4% of <14% had greater sensitivity for predicting death within 1 or 2 years than did a CD4 cell count of < 200 cells/ µL; however, as determined from the ROC curves, a CD4 cell count of 210 cells/µL would have produced the same sensitivity and specificity as would a CD4% of <14%.
Mellors et al. [24] first recommended the combined use of the CD4 cell count and the HIV-1 RNA concentration in untreated HIV-1-infected adults for the prediction of subsequent disease progression. The relative merit of these 2 biomarkers has since been a topic of debate [24] [25] [26] [27] [28] . We found that the HIV-1 load measured at 32 weeks' gestation was associated with mortality in the first 2 years; however, we did not find that the HIV-1 load measured at 32 weeks' gestation predicted mortality better than did the CD4 cell count or CD4%. In fact, the area under the ROC curve was much less for the HIV-1 load than for the CD4 cell count or CD4%. In addition, in the region of the ROC curve where we would like to see high sensitivity (specificity, >80%), the sensitivity remained <50%. Thus, the present study suggests that HIV-1 load assays are not incrementally beneficial for decisions regarding treatment initiation, particularly when better predictions can be obtained using less expensive measures.
Although previous studies have evaluated the role of hemoglobin in predicting a CD4 cell count <200 cells/µL, the predictive role of hemoglobin with regard to mortality has not been defined. In the present study, hemoglobin was associated with the risk of death in the second year after delivery, but not in the first. In the second year, the HR comparing women with a hemoglobin of <8.5 g/dL with women with a hemoglobin ≥8.5 g/dL was 4.65, which is consistent with the findings of O'Brien et al. [8] ; however, this did not translate into a biomarker with adequate mortality prediction properties. Thus, including hemoglobin with the CD4 cell count did not improve prediction in our study. BMI has similarly been evaluated as a surrogate for the CD4 cell count [10, 29] . In the present study, BMI was associated with death and ART-free survival in the first year after delivery but not in the second year; however, it showed poor properties as a predictor of mortality, as shown by the ROC and Kaplan-Meier curves.
Because some women started receiving ART during follow-up, we also conducted analyses of ART-free survival as a sensitivity analysis for this potential source of informative censoring. We found results similar to those of analyses with mortality alone for all of the biomarkers.
The main strength of the present study was that each biomarker was assessed for its ability to predict a hard end point (death) instead of the ability of the biomarkers to predict other surrogate markers (i.e., how well TLC predicts the CD4 cell count or how the antenatal CD4 cell count correlates with the postnatal CD4 cell count). Our study illustrates the importance of distinguishing significant associations from predictive performance. As illustrated by Pepe et al. [30] , not only is a significant association required for a biomarker to be a good screening or prognostic tool, but it must also have an association stronger than that usually encountered in epidemiologic studies. Thus, HRs significantly different than 1 do not necessitate that a marker has a strong predictive performance. In the present study, several biomarkers were significantly associated with mortality but failed to be strong predictive markers. A limitation of the present study is that WHO clinical stage information was not collected. In addition, the low event rate (i.e., death outcomes) in the study may have reduced the precision of sensitivity, specificity, and PPV estimates. However, the relatively low mortality rate among women in this study likely reflects early HIV disease status in this population. Because many women in resource-limited settings first have HIV-1 infection diagnosed during pregnancy, the value of such markers as CD4 cell count and CD4%, BMI, TLC, and hemoglobin during pregnancy to predict the subsequent course is directly relevant to women and caregivers. As such, the present study provides important comparisons of predictive value of these markers.
Currently, the WHO recommends using TLC and the WHO disease stage to inform decisions about initiating ART when the CD4 cell count is unavailable. TLC has been evaluated as a surrogate for the CD4 cell count in a number of settings with mixed results. In the present study, the TLC determined at 32 weeks' gestation was not an adequate predictor of maternal mortality in the first 2 years postpartum, whereas the CD4 cell count and the CD4% measured at this time point were. The current study indicates that, although the CD4 cell count may fluctuate more than the CD4% during pregnancy, both are excellent predictors of maternal mortality within 2 years after delivery.
Mechanistic reasons may explain why the CD4 cell count is the best predictor. The CD4 cell count is more causally proximate to the outcome and, thus, may better predict the outcome than measurements like BMI and hemoglobin, which are more indirectly related, or virus load, which measures the amount of virus in the host rather than the immunologic influence of the virus. Alternatively, because the viral load and CD4 cell count are highly correlated, their predictive abilities may be similar, and it may be random chance that, in the present study, the CD4 cell count was the better predictor. Overall, this study suggests that programs providing care to HIV-1-infected women should aim to implement facilities to measure the CD4 cell count rather than rely upon other surrogate markers. Reassuringly, measurement of virus levels did not improve the predictive value, suggesting that a lack of viral assays does not compromise management decisions in terms of preventing maternal mortality due to HIV-1.
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Figure 1.
Kaplan-Meier estimates of the cumulative proportion of women alive (black) and the cumulative proportion of women alive and antiretroviral therapy (ART) free (gray). The vertical dashes denote the times at which the women were censored. Kaplan-Meier estimates of the cumulative mortality rate, as stratified by marker values. The vertical dashes denote the time points at which ≥1 woman's event time was censored. BMI, body mass index; CD4, CD4 cell count; CD4%, CD4 cell percentage; Hb, hemoglobin; TLC, total lymphocyte count; VL, HIV-1 load. Receiver operating characteristic curves for several potential predictors of death within the first (left) and second (right) year postpartum, with the corresponding area under the ROC curve (AUC) values. BMI, body mass index; CD4, CD4 cell count; CD4%, CD4 cell percentage; Hb, hemoglobin; TLC, total lymphocyte count; VL, HIV-1 load. Sensitivities, specificities, and predictive positive values (PPVs) for death within 1 or 2 years of delivery, with 95% confidence intervals (CIs) at various cutoffs of biomarkers measured at 32 weeks' gestation. Hazard ratio (HR) estimates from the Cox proportional hazards models with time-varying covariates and outcomes of death and antiretroviral therapy (ART)-free survival (death and ART initiation). .21
Marker
3.11 (1.15-8.42) .026 NOTE. BMI, body mass index; CD4%, CD4 cell percentage; CI, confidence interval; HR, hazard ratio; TLC, total lymphocyte count.
